Smooth strains of Shigela dysenteriae type 1, Shigellaflexneri, Shigella boydii, and Shigella sonnei which form pigmented colonies (Pcr+) on Congo red agar were virulent in the Sereny test. Smooth variants unable to bind Congo red (Pcr-) were avirulent. Measurements of dye uptake from solution showed that S. dysenteriae type 1 bound the most dye, followed in order of uptake by S. flexneri, S. boydii, and S. sonnei. Using the salt aggregation test (SAT) to determine cell surface hydrophobicity, we found the same order of species. The SAT could not, however, detect differences in surface properties between Pcr+ and Pcr-pairs of isogenic smooth strains. Enteroinvasive Escherichia coli strains used in the study showed SAT and Congo red-binding properties which were similar to those of the S. flexneri strains. A direct correlation was found between pigment-binding ability and the presence of the large 140-megadalton plasmid in S. flexneri, enteroinvasive E. coli, and S. boydii but not in S. dysenteriae type 1 or S. sonnei strains. Congo red interacted with outer membranes and outer membrane proteins of S. dysenteriae type 1 but not with lipopolysaccharides. However, rough mutants of Shigella species deficient in lipopolysaccharides bound Congo red and formed pigmented colonies, showing that dye binding as a virulence assay may be misinterpreted in such cases. There was complete correlation of the Pcr+ phenotype with virulence in the smooth strains in this study, suggesting that Congo red binding can be utilized as a quick and reliable alternative to the Sereny test.
Adherence and binding of enteropathogenic organisms to cells of the gastrointestinal tract are believed to be important processes in the pathogenesis of diarrheal diseases (18, 32) . For this reason, the outer envelopes of these bacteria are now being intensively studied. In certain pathogens, virulent strains have been found to be more hydrophobic than the avirulent strains (18, 33, 36) . Among important tests used to study the surface properties of bacteria, Congo red binding (38) and aggregation in salt solutions (22) are commonly used as markers of hydrophobicity. In several reports, Congo red binding has been linked directly to virulence and pathogenicity, for example, in Shigella flexneri (25) , Yersinia pestis (38) , Yersinia enterocolitica (2) , Aeromonas salmonicida (15) , and Neisseria meningitidis and Vibrio cholerae (31) . Studies of the salt aggregation test (SAT) with different species of the family Enterobacteriaceae (9) as well as with strains of Staphylococcus species (33) have yielded similar results. A marked cell surface hydrophobicity has been found to be related to an increased capacity for Escherichia coli, Salmonella species, and strains of S. flexneri to adhere to host cells in experimental animals (23, 36) .
Bacillary dysentery is associated with four species of Shigella: S. dysenteriae, S. sonnei, S. flexneri, and S. boydii, as well as with strains of enteroinvasive E. coli (3) . The mechanism of pathogenicity of these organisms is not well understood, although a number of chromosomal as well as plasmid-mediated factors have been shown to be required for the expression of virulence (10, 13, 19, 35) . Genetic studies suggest that in strains of S. flexneri, a 140-megadalton (MDa) plasmid is required for invasiveness. It has also been shown that this plasmid contains genes which are essential for Congo red binding (25) . Although the biochem-* Corresponding author.
ical and physical mechanisms involved in determining the virulence of Shigella strains remain unclear, it is evident that alterations on the surfaces of cells arising either from a deficiency of proteins (1, 14, 24) or from changes in the structure of the O antigen (11, 19, 40) C Data represent an average of three values determined on the same day. P values for Congo red binding were as follows: S. dysenteriae > other three Shigella species, P < 0.001; S. flexneri > S. boydii, P > 0.01; S. flexneri > S. sonnei, P < 0.05; S. boydii > S. sonnei, P > 0.01.
controls. Student's t test was applied to calculate differences in Congo red binding between Shigella species.
To examine Congo red binding to pretreated cells, equal quantities of pelleted cells obtained from a TS broth culture of S. dysenteriae type 1 (no. 26406) were treated with (i) 50 mM Tris hydrochloride buffer (pH 7.8), (ii) 50 mM Tris hydrochloride buffer (pH 7.8) containing 50 mM EDTA, or (iii) physiological saline and stirred for 1 h at room temperature at low speed (60 rpm on a rotary shaker). Cells were separated by centrifugation and tested for their ability to bind Congo red. Cells not treated with buffer, EDTA, or physiological saline were used as controls.
Outer membranes, spheroplasts (17) , and lipopolysaccharide (LPS) (41) obtained from strain no. 26406 of S. dysenteriae type 1 were tested for Congo red binding. The cell components were incubated at room temperature for 10 min in 3 ml of 10 mM Tris hydrochloride (pH 7.8) containing 50 ,ug of Congo red. The dye-bound complex was pelleted by centrifugation at 100,000 x g for 1 h. Unbound dye was estimated as described above.
Congo red binding to bovine serum albumin (BSA) (fraction V; Armour Pharmaceutical Co., Chicago, Ill.) and to water-extracted outer membrane proteins (28) was measured by incubating proteins with 40 ,ug of Congo red in 500 ,ul of 10 mM Tris hydrochloride (pH 7.8). After the mixture incubated for 10 min at room temperature, 2 ml of saturated ammonium sulfate was added. The mixture was chilled at 4°C for 1 h to precipitate the dye-protein complex and then centrifuged at 8,000 x g for 30 min. Unabsorbed dye in the supernatant was measured at 480 nm. Protein-free solutions were used as controls.
SAT. Fresh colonies of strains obtained after growth on TS agar for 18 h at 37°C were used to determine cell surface hydrophobicity (33 (37) . Pcr+ and Pcrcolonies obtained after 18 h of growth were subcultured and then layered onto TS agar containing 0.6% yeast extract. Cells were collected with a swab stick and diluted in sterile vials with normal saline. Suspensions were adjusted to approximately 3 x 108 cells per ml, and 20 ,ul of this suspension was dropped into one eye of an adult albino guinea pig. Strains which produced keratoconjunctivitis within 72 h were considered to be virulent.
RESULTS
Congo red binding experiments. After 18 h of incubation at 37°C on Congo red agar, pigmented Pcr+ strains formed colonies which were small in size with a dark red center and a lighter outer zone. In contrast, Pcr-strains formed relatively larger colonies which appeared white. This property was observed for all Shigella species as well as for enteroinvasive E. coli. However, if the plates were incubated for a longer period (24 to 48 h), all colonies showed diffuse pigmentation, making it difficult to distinguish between Pcr+ and Pcr-strains.
When the temperature of incubation was reduced to 30°C, only white nonpigmented colonies were seen. However, when these colonies were replated on Congo red agar and incubated at 37°C, the effect was reversed and pigmented colonies reappeared. The nonpathogenic E. coli 36000 produced white colonies after a similar period of (Fig. 1) (15, 25, 31) and also as a criterion of hydrophobicity (36 Congo red uptake from solution by the different Shigella species showed a distinct decline of binding in the order S. dysenteriae, S. flexneri, S. boydii, and S. sonnel. This is in general agreement with the virulence of Shigella species and the severity of the disease these pathogens may cause.
a Proteins and outer membranes were quantitated on the basis of protein estimation (5) , and LPS was quantitated by 2-keto-3-deoxyoctanoate content (30) . Means parison of these results with those obtained for other bacterial pathogens (9, 22, 33) suggests that the overall surface hydrophobicity measured by the SAT is relatively low in Shigella species. In some strains of E. coli, the cell surface hydrophobicity is related to the presence of fimbriae (9, 22, 39) . Little information is available on the presence of these appendages in Shigella species (8, 27) . It is therefore difficult to hypothesize whether differing cell surface properties can be related to fimbriae in these bacteria. but to differentiate between invasion and the later steps of pathogenicity, the HeLa cell assay is more appropriate.
We found that the plasmid profiles of Pcr+ and Pcrstrains of S. dysenteriae type 1 and S. sonnei were similar although restriction enzyme analysis was not done to confirm it. In contrast to this, in S. flexneri, S. boydii, and enteroinvasive E. coli, a change in plasmid profile was associated with loss of dye-binding activity. These results are in agreement with evidence which suggests that genes on the 140-MDa plasmid are required in S. flexneri for the expression of virulence and for Congo red binding ability (6, 7, 25) . However, in some S. flexneri strains, it has also been shown that although the loss of virulence and of the dyebinding property often corresponds to the loss or decrease in the size of the 140-MDa plasmid, sometimes no changes can be observed. In such cases, it has been suggested that loss of the ability to bind Congo red results from the inversion of insertion sequence ISI on plasmid DNA so that although the size of the plasmid remains unchanged, the Pcr+ phenotype is lost. This explanation may also be valid for the S. dysenteriae type 1 and S. sonnei pairs of Pcr+ and Pcrstrains which have unaltered plasmid profiles. Virulence in Shigella species depends on a large number of factors, and genes present both on chromosomes and on plasmids may be necessary (10, 35 
